Abstract: Conspecific salmonid populations often differ in age and body size at maturity, and these differences can cause fishery exploitation rates and patterns of directional selection on size to vary among populations. Based on age and length data on five representative spawning populations of sockeye salmon (Oncorhynchus nerka) in the Wood River system, Bristol Bay, Alaska, USA, we estimated exploitation rates and population-specific patterns of selection from a gillnet fishery between 1963 and 2007. Exploitation rates have differed among age groups and have varied greatly over time, likely due to changes in fishery selectivity. Populations with older, larger fish were more heavily exploited than populations with small, young fish. Differential fishery selection was detected among the populations, linked to persistent differences in size and age of fish among the populations. Specifically, we found evidence of stronger size selectivity on populations with smaller-bodied fish and less directional selection on populations dominated by larger-bodied fish. These results reveal the complex variation in the intensity and selectivity of fishing that can result from exploitation of populations that differ in age and size at maturity and shape. Evolutionary responses to this selection may be taking place, but natural processes provide countervailing selection. En particulier, il y a des indications d'une plus grande sélectivité en fonction de la taille dans les populations de poissons de plus petite forme corporelle et d'une sélection directionnelle moins importante dans les populations dominées par les poissons de forme corporelle plus forte. Ces résultats démontrent la variation complexe de l'intensité et de la sélection de la pêche qui peut résulter de l'exploitation de populations qui diffèrent par l'âge et la taille à la maturité et par la forme corporelle. Il se peut que des réponses évolutives à cette sélection soient en cours, mais les processus naturels produisent une sélection compensatoire.
Introduction
Salmonids often form multiple, locally adapted spawning populations within and among drainage systems that differ at a wide variety of phenotypic traits under some measure of genetic control (Ricker 1972; Taylor 1991; reviewed in Quinn 2005) . Among the most obvious phenotypic traits that vary among populations are age and length at age at maturity (examples include chum salmon (Oncorhynchus keta; Beacham and Murray 1987) , pink salmon (O. gorbuscha; Beacham and Murray 1985) , Chinook salmon (O. tshawytscha; Roni and Quinn 1995) , sockeye salmon (O. nerka; Blair et al. 1993) , and Atlantic salmon (Salmo salar; Hutchings and Jones 1998) ). Size of mature salmon may reflect balancing pressures of natural and sexual selection Quinn and Foote 1994) , as they do in other fishes such as guppies (Endler 1995) and sticklebacks (Reimchen and Nosil 2004) . Additionally, exploitation by fishing can affect age and size at maturation (Olsen et al. 2004; Hutchings 2005) . Fishery selection can oppose or magnify natural se-lection in wild populations, affecting the fitness of the individuals involved and influencing adaptive processes .
Fishing is often selective on certain life history traits; many types of fishing gear are designed to remove certain individuals in preference to others (Todd and Larkin 1971; Handford et al. 1977; Law 2000) . Most forms of fishing gear can be size-selective but gillnets are especially so (Hamley 1975; Ricker 1981) . The common phenotypic effect of fishing, reduction in mean age and size as a consequence of the elevated mortality rate, is widely known (Trippel 1995; Hutchings 2004 ), but genetic effects of fishery selection on life history traits may also occur (Policansky 1991; Conover and Munch 2002; Olsen et al. 2004) .
Anadromous salmonid populations are typically harvested together in the ocean or in large rivers before they segregate into discrete spawning groups, and thus locally adapted populations differing in size and shape may be exposed to unequal fishing pressure by size-selective gear (Burgner 1964; . Fishing might thus result in either or both of two effects: (i) different overall exploitation rates among populations as a function of their average size and shape and (ii) variation in size selection among populations (e.g., selective removal of the largest fish from a small-bodied population and the smaller fish from a large-bodied population). These selection patterns may lead to different phenotypic and genetic changes over time within the populations. Therefore, the consequences of such harvesting need to be assessed not only at the levels of the stock complex, but also at that of the local spawning populations (Hindar et al. 2004) . However, few analyses have done so, especially over the long time periods needed to account for variation in fishing and fish size distribution.
In this study, we quantified the magnitude and nature of fishery selection on age and size at maturity of different sockeye salmon spawning populations in the Wood River system of Bristol Bay, southwest Alaska, using spawning ground and commercial gillnet fishery catch and escapement data from 1963 to 2006. Other work showed that on average, the fishery has selectively removed larger fish over the past 60 years, but long-term selection patterns on individual spawning populations are unknown. The system is well suited for this study because there are long-term data on age, morphology, and sex for many discrete sockeye salmon spawning populations and because fishery vulnerability as a function of length has been quantified annually ).
Our specific goals were (i) to summarize age composition and length-at-age data of mature sockeye salmon from Wood River spawning populations, building on previous reports (Rogers 1987; Quinn et al. 2001b) , and (ii) to link these data with information on size selection in the Nushagak District fishery as a whole ) to estimate (a) the exploitation rates on spawning populations over time and (b) the selection pressures on populations resulting from differences in mean size in the population relative to the selection by the fishery. Because natural (Grant and Grant 2002) and anthropogenic Swain et al. 2007 ) selection differentials often vary over time, we examined yearly exploitation and size-selectivity patterns on each spawning population. We also looked at groups of years to understand longer-term exploitation and selection patterns.
We hypothesized that populations with larger, older fish would be exploited more heavily than populations with smaller, younger fish, because overall, the fishery tends to exploit larger, older sockeye at a higher rate than smaller ones ). However, because the relationship between body size and exploitation rate is not linear but rather peaks at intermediate sizes, we also predicted that populations with the largest fish would experience less directional selection than populations with smaller fish. In this study, we did not seek to determine the evolutionary effects of fishery selection on sockeye salmon age and size, though that is the long-term goal of our program. Age and size at maturity of salmon reflect a complex blend of environmental influences, including growth rates in freshwater and at sea (affected by climate and density) and genetic influences within and among populations ). The necessary first step towards determining if fishing has caused changes in the life history of the populations is to carefully document whether or not there has been persistent, significant selection in the fishery.
Materials and methods

Study site description and data collection
Bristol Bay, located in the eastern portion of the Bering Sea ( Fig. 1) , produces one of the most abundant and diverse sockeye salmon runs in the world and has been exploited by a commercial gillnet fishery since 1884 (Bue 1986; Minard and Meacham 1987) . The recent 25-year (1983-2007) average total run was 37 million fish, with an average catch of 25 million. The mode of fishing (fish traps and gillnets), fishing technology (wooden sailboats vs. motorized boats), gillnet mesh material and size, and fishery management systems (the development of limited entry and fixed escapement goals) have all changed over time (Minard and Meacham 1987; Link et al. 2003) , adding complexity to the study of selective fishing.
Our research focused on the Wood River system (Fig. 1) ; these fish migrate through Nushagak Bay and are caught in the Nushagak Fishing District or spawn as discrete populations in the many streams, rivers, and beaches (Quinn et al. 2001b) . Most Wood River system sockeye salmon spend 1 or, less frequently, 2 years rearing in a lake before migrating to sea, where they spend 1-4 (typically 2 or 3) more years (Rogers 1987; Quinn et al. 2009 ). Wood River system sockeye salmon migrate through the fishery in an immature body condition (silver color, fusiform shape) in late June and early July, undergo the final stages of maturation, including development of exaggerated secondary sexual characteristics (red color, changes in body shape), in freshwater (Hendry and Berg 1999) , and spawn from late July to early September. The number of sockeye salmon returning to spawn in the Wood River system has increased over time, especially in the late 1970s (Fig. 2) , coincident with a marked shift in the Pacific Decadal Oscillation in 1976 -1977 (Mantua et al. 1997 Hilborn et al. 2003) .
Three sets of age, sex, and length data have been collected daily since 1963 on the sockeye salmon examined in our study. First, data were collected on fish caught in the Nushagak District throughout the fishing season by systematic sampling at processing plants. Second, similar data were collected on a sample of the fish migrating up the Wood River to spawn (sampled by unselective beach seine nets; for further details, see Kendall et al. 2009 ). Fish were measured for length from mid-eye to fork of tail (MEFT) in both cases. Catch and escapement samples, along with daily catch and escapement numbers, were used to quantify fishery selection on Wood River sockeye salmon as a whole. Third, data were collected on sockeye salmon at many discrete spawning sites within the Wood River system watershed; 17 of these sites were sampled most frequently (Table 1) . These data were used to quantify fishery selection on individual spawning populations.
From 1963-2007, otoliths were collected from approximately 110 female and male fish in each spawning population to age the fish, unless logistical constraints or very low abundance prevented such sampling. From 1963 From -1965 From and 2005 From -2006 , each fish was also measured for length at age. Length and length-at-age data were also collected from a subset of these populations in 1989, 1990, 1993, 1996-2004, and 2007 . These fish were measured from mid-eye to hypural plate (MEHP) rather than tail fork because the tails are often frayed. Thus, data include the number of fish of each sex (s) from each spawning populations (i) and year (y) sampled by age (a) (N a,i,y,s ) , by length (l) (N l,i,y,s ) , and by length at age (N l,a,i,y,s ) . Fish with length but not age data were included in our analyses of fish of all ages but not in age-specific analyses.
We selected five representative populations for detailed analysis and present these results (Table 1) . These populations included four rivers or streams that span the range in Fig. 1 . Bristol Bay, Alaska, including the Nushagak Fishing District in the Nushagak Bay, the three main river systems that drain into the bay (Igushik, Wood, and Nushagak), and the lakes, rivers, and streams of the Wood River system in the subset map. The star represents the Wood River escapement sampling site. The five key spawning populations analyzed here are labeled: 1, Agulowak River; 2, Anvil Bay beaches; 3, Bear Creek; 4, Hansen Creek; 5, Ice Creek. 
Length and age characterization
Yearly fishery catch and escapement count, age, sex, and length data, along with that from the spawning grounds, were used in our analyses, treating males and females separately because their differences in size are well known ). For years when length-at-age data were not collected on the spawning grounds, these data were estimated using the observed age composition data. Length at age varies somewhat among years, but age composition is the primary source of variation in the average size of salmon on the spawning grounds. Thus, for each age group, sex, and spawning population, we calculated the mean and standard deviation of all known lengths over time. Using this length distribution, which is generally distributed normally, we randomly assigned a length to each fish for which age, but not length, was known.
To quantify fishery selection on Wood River system fish, we compared length and length at age of fish that were caught by the Nushagak District Fishery with those of fish that escaped into Wood River. We estimated the total number of fish of a given length or length at age in the daily catch and escapement by weighing the daily fishery catch and escapement samples of age, sex, and length by daily catch or escapement counts. We then added up these daily counts to characterize the yearly length or length-age distribution in the fishery catch and escapement. Because sockeye of different ages, sizes, and sexes enter the fishery and migrate upriver at different times (older and larger fish generally enter earlier; Quinn 2005) and fish abundance varies greatly throughout the season, it would be imprecise to average length and age data on a seasonal basis.
Because we were specifically interested in fishery selection on Wood River fish, we could not directly compare the entire catch with the Wood River escapement, as would be the case in other systems in which the fishery operates in a terminal area exclusively on the population complex. Sockeye salmon caught in the Nushagak District would otherwise spawn in one of three river systems: the Wood River, the Nushagak River proper and its upriver tributaries, and the Igushik River (Fig. 1) . Thus, for each year, we had to divide the catch among the three systems using a forward run reconstruction model (SYRAH; T. Branch and R. Hilborn, University of Washington, School of Aquatic and Fishery Sciences, Seattle, WA 98195, USA, unpublished data), which incorporated daily age composition and escapement counts to the three systems and estimated the proportion of the catch of each sex and age group (all ages, ocean age 2, and ocean age 3) bound for each system on a given day. We multiplied these proportions by the daily catch counts and then weighted the daily catch age, sex, and length data by these counts to characterize the Wood River catch length or length-at-age distribution as a whole. We added these values to the Wood River system total escapement to estimate the total run size.
In the SYRAH model, daily distributions of groups of fish arriving to a fishing district are modeled and then moved forward in space and time following specific migration path- ways. Fish are grouped based on sex, age group, and (or) spawning destination and modeled together. The distribution of these arriving fish and their movement through the fishery to the spawning ground can vary on a day-to-day basis. Catchability coefficients are assigned to each group to determine the harvest rate for each using maximum likelihood estimates. The model appeared to provide good fits to the catch and escapement data for the Nushagak district for the year to which it was applied, 2005. Stock separation is aided by differences in age composition among the three river systems (Tim Baker, Alaska Department of Fish and Game (ADFG), 333 Raspberry Road, Anchorage, AK 99518, USA, unpublished data), supporting the performance of the model over time. When age composition is similar, the results of the model are not as robust (Tim Baker, ADFG, personal communication).
Analyses
To evaluate age selectivity by the fishery, we first calculated the yearly proportion of sockeye salmon in the run that were caught by the Nushagak District fishery by ocean age and sex from 1963 to 2007. Next, we examined age composition differences among populations on the Wood River system spawning grounds on which this differential fishery exploitation and selection may act. To do so, we quantified the proportion of sockeye (P) of ocean age a (a = 2 and 3, the dominant age groups) from data for each spawning population (i), by sex (s), on a yearly basis and in subsets of years (y) (eq. 1): where N is the number of fish and N j is the number in an ocean age class j (j = 1 to 4). We performed a c 2 test to test for significant differences in ocean age proportions among the populations. We next estimated length-specific fishery exploitation and size selection on Wood River sockeye salmon as a whole. For each year, we calculated the proportion of fish of different lengths (by 10 mm length intervals) caught by the fishery (u l,y,a,s ), which ranged from 0.01 to 0.99 ): ð2Þ u l;y;a;s ¼ C l;y;a;s C l;y;a;s þ E l;y;a;s where C l,y,a,s is the number of fish caught in a given year, ocean age group, sex group, and length bin, and E represents those fish that escaped the fishery. Total run is equal to the catch plus the escapement (those fish migrating up the Wood River). Confidence bands were determined by bootstrapping, with 500 replicates, the daily catch and escapement length data, summing these daily values to estimate yearly catch and escapement length frequencies, and then recalculating the annual exploitation rate (95% confidence intervals were 0.025 and 0.975 quantiles of the replicates). To prevent inaccurate results for years with small sample sizes, if fewer than 500 fish of a given length bin were caught or escaped in a given year, proportion caught was not calculated for that length. For such lengths, we interpolated from adjacent lengths with sufficient data. Within a given year and age grouping, if fewer than 25% of the length bins had calculated vulnerabilities, analyses were not carried out for that year. We applied these yearly proportion caught values to fish in all populations as there is broad overlap in migratory timing of Wood River sockeye salmon populations (Doctor 2008) .
We quantified differences in length and length at age among fish in the discrete spawning populations (using analyses of variance, ANOVAs) to identify distributions upon which the fishery could act. To compare length data from the fishery catch and escapement with data from the spawning grounds, we converted fish length from each spawning population (in millimetres) from MEHP to MEFT, using data collected from 130 fish among four populations: Next, we calculated exploitation patterns on the different Wood River sockeye salmon spawning populations by first estimating the yearly prefishery length distribution of fish in each spawning population in a given year by sex, age group (all ages, ocean age 2, and ocean age 3), and length (N pre l;i;y;a;s ). This was estimated by dividing the number of fish observed in each spawning population (postfishery) of a given length bin and sex by an expansion factor incorporating the proportion caught (eq. 5). We used these population-specific prefishery length distributions, along with the spawning ground distributions, to quantify yearly exploitation rates by the Nushagak District fishery on individual spawning populations by sex. This was measured as the proportion of sockeye caught by the fishery from a given population in a given year (V i,y,a,s We calculated this average yearly exploitation rate using the 500 bootstrapped proportion caught values, and thus 500 prefishery length distributions, to account for error and variability in fishery catch and escapement data. Reported exploitation values represent the mean of these bootstrapped values.
Finally, we estimated population-specific fishery size selectivity by calculating length-based standardized selection differentials (SSDs) for fish of all ages and ocean ages 2 and 3 for each sex by year (SSD i,y,a ) (eq. 7). SSDs were calculated as the difference in mean length of fish in a given population on the spawning ground after fishing (L We also calculated selection differentials (SDs), which are the difference in mean length of fish after vs. before fishing and are not standardized. Average yearly SSDs and SDs were calculated using each of the 500 bootstraps of prefishery mean length values, again to account for error and variability in fishery catch and escapement data. SSDs were calculated for each year and both SSDs and SDs for groups of years to look at overall patterns. For grouped years, mean SSD and SD values for each group were calculated as the mean of each yearly mean value.
Results
The proportion of fish of ocean ages 2 and 3 varied significantly among populations; fish tended to be older in the larger rivers (Table 1 ; Chi-square test, p < 0.005). The percentage of fish in the total run caught (exploitation rate) increased greatly over the period of record for ocean age 2 fish (Table 1; Fig. 2) , driven partially by increases in the run size. The percentage of ocean age 3 fish caught remained relatively constant over time. From 1963 From -1975 , on average, 22% of ocean age 2 fish and 72% of ocean age 3 fish were caught (Table 1) . Thus, Hansen Creek sockeye, predominantly ocean age 2, were exploited much less by the fishery than were Agulowak River fish, which were predominately ocean age 3. However, from 1991 to 2007, the exploitation rates of the two ocean ages were more similar (62% vs. 78%), reducing the differential exploitation among populations.
Length and length at age differed significantly among many, though not all, spawning populations. Females differed more in length among populations than did males. In most years, for females of all ages, only Anvil Bay and Ice Creek populations did not differ significantly from each other in length; all other populations were distinct (ANOVA, p < 0.05). Males of all ages from Hansen Creek were shorter (p < 0.001) and those from Agulowak River were longer (p < 0.05) than fish in all other populations. Length-at-age differences were also seen, tending to reinforce the differences in overall length. For example, Hansen Creek fish tended to be not only younger, but also shorter, for their age than those from the larger streams and rivers.
Fishery exploitation rates differed among years, sexes, and ages of fish ( Fig. 3; Supplemental Fig. S1 2 ) . In the early years, the highest exploitation was on the longest females, but by the late 1980s, this pattern had changed and exploitation rates were highest on females of intermediate lengths. These patterns were less clear for males, but in general, the longest males were not as heavily exploited by the fishery as the slightly shorter fish. In most years, higher proportions of the longest females were caught than of the longest males, as females are usually shorter than males.
Overall, for sockeye salmon of all ages, more fish from large-bodied populations (those spawning in larger streams and rivers, e.g., Agulowak River and Ice Creek) were caught by the fishery than from shorter-bodied populations (those spawning in smaller streams and beaches, e.g., Hansen 1965, 1976, 1986, 1994, and 2001 Creek, Bear Creek, and Anvil Bay; Fig. 4) . Specifically, for females of all ages, in 94%, 85%, and 64% of years, more Agulowak River fish were caught than Hansen Creek, Bear Creek, and Anvil Bay beach fish, respectively. For males, in 72%, 72%, and 68% of years, more Agulowak fish were caught than Hansen Creek, Bear Creek, and Anvil Bay fish, respectively. Differential fishery exploitation among populations was observed for female and male ocean age 2 fish in most years. In the majority of years, more ocean age 3 fish of both sexes were harvested from smaller-bodied populations than from larger-bodied populations, especially for males. Over time, exploitation rates increased for males and females of all ages and ocean age 2 fish from all populations (temporal trends in ocean age 3 fish were more difficult to evaluate because of the lack of data in the early years), consistent with increasing exploitation rates by the fishery (Table 1 ; Fig. 2 ). Finally, in general, more males were caught than females. Fishery size selection patterns were more temporally consistent for females than for males. For all years and populations, SSDs for more than 90% of females of all ages, 70% of males of all ages, 80% of ocean age 2 females, and 70% of ocean age 2 males were negative, indicating that larger than average fish were getting caught, leaving smaller fish to spawn (Fig. 5) . For ocean age 3 fish of both sexes, SSDs were negative in just slightly more than 50% of years. For male fish of all ages and ocean age 2, SSDs were more negative in the later years than in the earlier years, whereas ocean age 3 male SSDs have become more positive over time. SSDs of ocean age 3 females have varied between positive and negative values, indicating variable selection pressure on big and small fish over time.
Differential fishery selection among most populations was observed in most years for female fish of all ages and ocean ages 2 and 3, but not for males. Specifically, for females of all ages, Bear Creek and Anvil Bay beaches SSDs were consistently less than those of fish spawning in the Agulowak River and Ice Creek. This suggests stronger selective pressure on smaller-bodied populations. However, for males, fishery selection has been inconsistent among populations, with stronger selection on populations with larger and smaller fish an equal number of years. Within a given year, size selectivity acted in a similar way for most populations (i.e., most population SSDs were either negative or positive). Across sexes and age groupings, SSDs were most frequently greatest in magnitude for Hansen and Bear creeks, suggesting that on average, populations with smaller-bodied fish have had some of their larger individuals removed by the fishery. SSDs were most frequently closest to zero, suggesting minimum size selectivity, for Agulowak River (where fish are larger bodied in general) and Anvil Bay beaches.
When years were grouped, SSDs and SDs (Fig. 6 ) for all populations were negative for females and males of all ages and ocean age 2, indicating that the average spawners were consistently shorter than the average fish entering the fishery. SSDs and SDs were more negative for females than for males. SDs for fish of all ages ranged between -2 and -14 mm, and for males, standard error values overlapped with 0 for several populations. SDs were even smaller for fish of ocean ages 2 and 3. This suggests that although the fishery has been size selective and has caught longer than average fish, the average difference in length between fish caught and those that escape has not been large relative to overall body length. Agulowak River fish of all ages were under the least size-selective pressure (SD closest to 0), but large differences in grouped-year SDs among populations were not seen for males or females of any age grouping.
Discussion
Despite year-to-year fluctuations in fish size and age composition resulting from variable growing conditions at sea (Pyper and Peterman 1999) and brood year strength, Wood River system spawning populations exhibited consistent, significant differences in age composition, length, and length at age (Rogers 1987; Quinn et al. 2001b ). The Nushagak District gillnet fishery as a whole has selectively harvested fish of different ages and lengths in most years from 1963 to 2005 ). Therefore, variation in fishery exploitation and size selectivity was hypothesized to occur within the Wood River system population complex. Our results supported these predictions, but the patterns were complex and varied over time.
Fishery selection and exploitation have acted differently on fish of different sexes, ages, and lengths within a season and over the years. In the early years (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) , populations dominated by ocean age 2 fish (i.e., small streams) were less heavily exploited than populations spawning in larger rivers (dominated by ocean age 3 fish), but this difference has diminished over time as fish of both ages are now harvested at more similar, higher rates. More males than females were caught by the fishery, but among-population differential exploitation patterns were stronger for females than for males. Our findings match predictions of heavier exploitation on populations with older, larger fish (e.g., Agulowak River) and stronger size selectivity on populations with smallerbodied fish (Hansen and Bear creeks), with less directional selection on populations dominated by larger-bodied fish.
Fishery exploitation and selection patterns were similar at both the coarse (Nushagak District fishery) and fine (Wood River spawning population) scales. Specifically, in the earlier years, the fishery was consistently size selective, catching larger than average fish, especially females. These patterns are mirrored on the spawning grounds, with higher exploitation on populations with larger-bodied fish and differential fishery size selectivity on females vs. males and among spawning populations. In recent years, the Nushagak District fishery has become less size selective and exploita- Fig. 6 . Selection differentials (SDs) of (a) female and (b) male sockeye salmon (Oncorhynchus nerka) caught by the Nushagak District fishery of all ages, ocean age 2, and ocean age 3 in five spawning populations of the Wood River system, Bristol Bay, Alaska, from grouped years 1963-1975, 1975-1990, and 1991-2007 . Error bars represent standard error. tion rates for fish of different ages, and thus sizes, have become more similar ).
Our results may be biased by the SYRAH model used to divide up the sockeye salmon caught among the three drainages into which they escape to spawn. The model apportions the catch based on age, not length. In 55%-64% of the years, the Wood River fish of a given sex and ocean age were significantly different (usually shorter) in length than Igushik or Nushagak River fish. Thus, in some years, the average length of fish in the catch attributed to the Wood River was exaggerated, biasing prefishery lengths and suggesting the removal of longer Wood River fish than was actually the case. However, sockeye salmon returning to the Wood River are almost always more numerous than those returning to the Igushik or Nushagak rivers (an average of 59% of the Nushagak District run over the past 20 years; (Sands et al. 2008) , dampening this bias.
To ascertain whether this possible bias might have affected our overall conclusions, the sensitivity of our results to the predictions of this model was tested using different proportions of the catch assigned to the Wood River. Over a range of plausible daily escapement proportions, including one-third and one-half, exploitation rate results were within 7%-10% of our original values. Thus, our findings were robust to variation in the results of the run reconstruction model. Our methodology for quantifying fishery selection on individual populations harvested by a mixed-stock fishery would be greatly improved by genetic methods that can estimate the stock composition within the catch. Nevertheless, given the importance of estimating fishery selection on the population scale, where many ecological processes take place, our study makes an important contribution to the field of fishery selection.
This study assumes that gillnet fishery selection can be assessed by comparing the lengths of fish caught with those escaping the fishery. However, fish are actually captured and retained in gillnets based on their girth (and other more subtle features such as teeth) rather than length per se. Thus, girth of a fish rather than body length may be a better measure of whether a fish will be retained, but girth data are not available from the Nushagak District catch records. However, using regression equations developed for Bristol Bay sockeye salmon by , we back-calculated the immature girth distribution (as they would have been when they passed through the fishery) for each spawning population. These results showed that girth varies significantly among populations (Fig. 7) , indicating the potential for Wood River system sockeye spawning populations to be differentially exploited by the fishery. Hansen Creek fish are not only young and short for their age but also slim-bodied for their length, whereas fish from the larger rivers are older, longer for their age, and deeper-bodied for their length. Thus the differences in girth among these river and stream populations mirror but magnify the differences in overall length. In contrast, Anvil Bay beach spawners are relatively young and short for their age but very deepbodied, thus their girths are significantly greater than fish from other populations of similar length and age. It will remain for future studies to more fully examine the consequences of these differences in morphology among populations for their vulnerability to fishing. reported that the length of Wood River system sockeye salmon decreased slightly (3.7% in males and 2.8% in females) during the postfeeding process of final maturation in fresh water. We assessed the effect of this shrinkage on our conclusions using length adjustment. This resulted in somewhat different population-specific exploitation rates and SSDs than calculations based on the original lengths, but the overall findings remained the same. Specifically, exploitation rates differed annually by 8%-11% for fish of all ages, and selection differentials by approximately 20%. Results using the converted lengths changed in a similar way for all populations within a given year. Thus, populations that were large when measured at death would have been even larger in life, so less vulnerable in most years, and some small average-sized populations would have been more vulnerable. However, our overall finding that variation in average age and length at age among populations affects their vulnerability to the fishery was not altered by the length correction. In a similar way, measurement error is unlikely to significantly affect our results. The standard deviation of repeated fish length measurements is around 6 mm (N.W. Kendall, unpublished data). Our data were rounded to the nearest centimetre in this analysis to look for overall patterns of size selection, so such error would not significantly change patterns of fishery exploitation and size selectivity that we estimated.
Our study is important from both ecological and management standpoints. For species such as salmon that have evolved and are presently managed for intraspecific struc- ture, the identification of populations that may be consistently exploited at a higher level or exposed to size-selective harvest is vital to enable their preservation and improve their management (Hindar et al. 2004) . Life history diversity within populations is an important form of bet-hedging against variable environments (Stearns 1992) , and such diversity among populations is also vital to the overall productivity of the stock complex and its resilience to environmental change (Hilborn et al. 2003) . Our results showed that total exploitation varied consistently among populations of different size and age compositions, but among-population differential size-selectivity patterns were weaker. Thus, managers may be more concerned about fluctuations in abundance than changes in average fish size within a given population. The largest variation that we observed was in overall exploitation rate among years rather than exploitation among populations.
A long-term perspective is needed to evaluate variability in harvest selection of different ages and lengths of individuals (Sinclair et al. 2002b ) and thus to understand how populations that differ in age and length are affected by the fishery (Sinclair et al. 2002a; Swain et al. 2007 ). We found that in a given year, one population may experience greater size selectivity than another but such patterns might not persist over time. Thus, although strongly differential sizeselective harvest among populations has been hypothesized or inferred from short-term data, as , Burgner (1964) , and Thompson et al. (1951) did, our longerterm perspective showed that population-specific differential size selectivity was not consistent over time and among sex and age groupings. Data from a single year can be misleading both because they may not truly represent the long-term characteristics of the populations (e.g., age and size at age) and because fishery selection varies over time.
Current research has focused on evolution of life history traits in wild fish due to size-selective harvest (Law 2000 (Law , 2007 Swain et al. 2007 ). We explored trends in age and length of Wood River system sockeye salmon over time to understand if they were consistent with fishery selection. Despite a consistently higher harvest rate on ocean age 3 than ocean age 2 sockeye salmon, the proportion of ocean age 3 fish has increased over time for males and has remained steady for females. Overall, both males and females have become shorter over time, which is consistent with greater fishery selectivity on longer fish. On a population scale, Agulowak River fish have remained the same length over time, which is consistent with the least size selectivity on this population of large-bodied fish. Hansen Creek fish lengths have decreased the most over time, consistent with greatest size selectivity on populations with smaller-bodied fish. However, Bear Creek fish lengths have decreased only slightly, though their selection differentials were consistently the most negative. Thus, there is inconsistent evidence of life history trait changes associated with harvest selection. Employing tools such as probabilistic maturation reaction norms (Olsen et al. 2004; Dieckmann and Heino 2007; Morita and Fukuwaka 2007) may help to elucidate these patterns.
Age and size at maturity are governed by a suite of factors affecting salmon in both freshwater and the ocean, complicating the evaluation of trends in these traits. Fishery and natural selection may act in opposition , and evolutionary trait changes may result from their combined effects ). Natural selection on Bristol Bay sockeye salmon has been examined from many perspectives and it seems clear that the differences in age at maturity, length at age, and body depth result from a blend of natural and sexual selection. Sexual selection favors large males and those that are deep-bodied (Quinn and Foote 1994; Quinn et al. 2001a) . Brown bears tend to kill larger than average fish of both sexes, especially in small streams that facilitate predation (Quinn and Kinnison 1999; Ruggerone et al. 2000; Quinn and Buck 2001) . In addition, in some very shallow streams, a fraction of the fish (especially males) strand during migration and these tend to be large fish (Quinn and Buck 2001; Carlson and Quinn 2007) . Therefore, in small streams, the sockeye salmon are young, short for their length, and slim. At the other extreme, those spawning in beaches are very deep-bodied because they are released from strong natural selection against large size, and sexual selection is expressed. In large rivers, the fish are long but of intermediate body depth, perhaps because the extremely deep bodies seen in beaches would not be maneuverable in fast-flowing water. Thus, the fishery selection against large fish in Hansen Creek, for example, that was seen in the early years would have augmented the patterns of natural selection, but fishery exploitation and selection are now acting less strongly. Further analysis of the interactions of fishery selection with such natural selection may shed additional light on past and potential future life history changes in these fish.
Finally, despite the patterns of selection (natural and fishery-related), there are still very strong environmental controls over age and size at maturity in these populations. Growing conditions at sea are affected by physical processes (e.g., temperature) and density, both within and among species (Pyper and Peterman 1999; Ruggerone et al. 2003) . In addition, smolt size strongly affects the number of years spent at sea and this too reflects a combination of density and temperature (Schindler et al. 2005; Quinn et al. 2009; Rich et al. 2009 ). Disentangling the possible effects of fishery selection from these other processes will be challenging but potentially rewarding. At present, the primary effect of fishing on these populations seems to be related to the number of fish caught rather than size selectivity, at least with respect to age and size.
